Although activation of protein kinase C (PKC) inhibits apoptosis induced by a variety of stimuli including singlet oxygen, the step at which PKC activation interferes with apoptotic signaling is not well de®ned. We have shown previously that caspase-8 and p38 mediate singlet oxygen-induced apoptosis in HL-60 cells. In this study, we investigated the in¯uence of PKC on regulation of the caspase and p38 pathways initiated by singlet oxygen. Singlet oxygen induced Fas clustering and subsequent recruitment of FADD and caspase-8. Treatment of cells with the phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA), a PKC activator, did not aect the binding of caspase-8 to the aggregated Fas. Surprisingly, under the same conditions PKC activation was still able to prevent singlet oxygen-induced activation of caspase-8 and block its downstream signaling events including cleavage of Bid and caspase-3, decrease in mitochondrial transmembrane potential and release of cytochrome c from mitochondria. Inhibition of PKC by GF109203 or H7 counteracted the TPA-mediated eects on the cleavage of caspases -3 and -8. However, neither activation nor inhibition of PKC aected p38 phosphorylation. These data indicate that PKC inhibits singlet oxygen-induced apoptosis by blocking activation of caspase-8. Oncogene (2001) 20, 6764 ± 6776.
Introduction
Singlet oxygen is a reactive oxygen species (ROS) involved in a variety of biological functions such as gene expression, photoaging and apoptosis (GretherBeck et al., 1996; Krutmann, 2000; Ryter and Tyrrell, 1998; Zhuang et al., 1999) . Singlet oxygen is also generally considered to be a major ROS produced in photodynamic therapy (PDT), a new therapeutic procedure for tumor treatment (Henderson and Dougherty, 1992; Ochsner, 1997; Weishaupt et al., 1976) . This therapy involves the use of a photosensitizer, which is activated by visible light locally and subsequently causes tumor ablation within a few days. After PDT in vivo, there is an evidence for both apoptosis and necrosis in tumor biopsies (Agarwal et al., 1996; Webber et al., 1996; Zaidi et al., 1993) , while apoptosis is a prominent form of cell death in response to PDT of cultured cells (Agarwal et al., 1991; He et al., 1994; Luo and Kessel, 1997) . PDT activates many signaling pathways that have been characterized as responses to other oxidative stresses. Among them both caspase and p38 mitogen-activated protein kinase (MAPK) pathways are activated and are involved in the apoptosis stimulated by singlet oxygen .
Caspases are a family of interleukin-b converting enzyme (ICE)-like cysteine proteases consisting of more then 10 members. Of those caspases, caspases -3, -6 and -7 are eector caspases that are responsible for cleaving a variety of substrates including poly(ADPribose) polymerase (PARP) and lamins during the apoptotic process. Caspases -8, -9 and -10 are initial caspases, which play a role in propagating the apoptotic signal by proteolytic activation of eector caspases (Cohen, 1997) . In death receptor-mediated apoptosis, it is well known that ligand binding induces aggregation of the receptor, which results in its interaction with the death adapter molecule FADD (Fas-associated death domain; also called Mort1) (Chinnaiyan et al., 1995) . Subsequent recruitment of caspase-8 to the Fas receptor complex, forming a death-inducing signaling complex (DISC), leads to activation of caspase-8 (Boldin et al., 1996; Muzio et al., 1996) . A similar model for caspase-8 activation is also implicated in the apoptosis induced by other stimuli, including UV, toxic bile and anti-tumor drugs (Aragane et al., 1998; Faubion et al., 1999; Micheau et al., 1999; Rehemtulla et al., 1997) . Caspase-8 is able to directly activate caspase-3 (Bossy-Wetzel and Green, 1999; Stennicke et al., 1998) and also activates it through caspase-9 following the release of cytochrome c from mitochondria (Li et al., 1997; Zou et al., 1997) . The mitochondrial activation-mediated pathway has been shown to be required for Fas-induced apoptosis in certain cell types, termed type II cells (Scadi et al., 1998) . In these cells, including HL-60 cells, overexpression of Bcl-2 can block Fas-mediated apoptosis (Granville et al., 1999; Scadi et al., 1998 Scadi et al., , 1999b . Bid, a BH3 domain-containing protein of the Bcl-2 family, mediates the release of cytochrome c from mitochondria by caspase-8 Luo et al., 1998) . Previously, we have shown that singlet oxygen induces activation of caspase-8, which is essential for Bid cleavage and mitochondrial cytochrome c release and caspase-3 cleavage .
In addition to caspase-8, p38 is also implicated in Bid cleavage, mitochondrial dysfunction and caspase-3 activation in singlet oxygen-induced apoptosis of HL-60 cells. However, p38 was not associated with activation of caspase-8 in exerting such roles , suggesting that at least two parallel signaling pathways exist above Bid. Recently, it has been shown that p38 activation is also required for the release of cytochrome c from mitochondria in the apoptosis induced by cadmium and UV light, supporting the idea that p38 functions upstream of mitochondria in mediating activation of caspase-3 (Assefa et al., 2000; Galan et al., 2000) . In the case of singlet oxygen, caspase-3 activation is sucient for induction of apoptosis (Zhuang et al., 1999) ; thus, inactivation of caspase-8 and/or p38 pathways may allow cells to escape apoptosis following singlet oxygen treatment.
An increasing body of evidence indicates that apoptosis can be regulated by protein kinase C (PKC). Several laboratories have demonstrated that treatment of cells with the phorbol ester, 12-Otetradecanoylphorbol-13-acetate (TPA), prevents apoptosis induced by tumor necrosis factor-a, Fas, growth factor deprivation and anticancer drugs (Lotem et al., 1991; Obeid et al., 1993; Solary et al., 1993; Takano et al., 1993) . Other PKC activators, such as phorbol dibutyrate, mezerein and bryostatin-1, protect cells against apoptosis induced by interleukin-2 withdrawal, ceramide or Fas (Gomez-Angelats et al., 2000; Jarvis et al., 1994; Kitada et al., 1999; Rodriguez-Tarduchy and Lopez-Rivas, 1989) . In contrast, induction of apoptosis by PKC activators themselves or enhancement of apoptosis by these agents has also been reported in some cell types such as keratinocytes and LNCaP prostate cancer cells (Takahashi et al., 1995; Clarke et al., 1993; Fujii et al., 2000) . The PKC family comprises at least 10 serine/threonine kinases, which are divided into three groups, the conventional PKCs (a, bI, bII and g), the novel PKCs (d, e, Z and y), and the atypical PKCs (z and l/i). The conventional PKCs and the novel PKCs are the isoforms that are sensitive to phorbol esters and diacylglycerol whereas the atypical PKCs are only activated by lipids. The mechanisms by which PKC mediates apoptotic regulation are being studied. It has been reported that the anti-apoptotic eect of PKC is associated with activation of survival molecules, such as Bcl-2 and MEK (Pae et al., 2000; Ruvolo et al., 1998a; Zhuang et al., 1998) . However, how PKC activation aects the intracellular signaling pathways that regulate cell death is poorly understood.
We have previously demonstrated that PKC activation by TPA protects cells from apoptosis induced by singlet oxygen (Zhuang et al., 1998) . The purpose of this study was to determine the stage in the apoptotic signaling triggered by singlet oxygen where PKC acts to inhibit apoptosis in HL-60 cells. Our results show that PKC stimulation by TPA blocked singlet oxygeninduced caspase-8 and caspase-3-like proteases, as well as several events that are associated with activation of caspase-3-like proteases, including Bid cleavage, loss of mitochondrial transmembrane potential and cytochome c release from mitochondria. However, singlet oxygeninduced recruitment of caspase-8 to Fas and phosphorylation of p38 were not aected by PKC stimulation. These data suggest that PKC stimulation prevents singlet oxygen-induced apoptosis by a mechanism involving the inhibition of the caspase pathway downstream of the DISC and that p38 does not mediate this process.
Results

Singlet oxygen-induced aggregation of Fas and recruitment of FADD to Fas
It has been demonstrated that UV exposure can stimulate the ligand independent oligomerization of the Fas receptor resulting in recruitment of FADD, which triggers the downstream caspase pathway and apoptosis (Aragane et al., 1998; Rehemtulla et al., 1997) . ROS, including singlet oxygen, have been reported to mediate UV-induced apoptosis (Dong et al., 2000; Morita et al., 1997) . To examine whether singlet oxygen was able to induce aggregation of Fas and association of FADD with Fas, we ®rst analysed the distribution of Fas in the membrane using confocal laser scanning microscopy. Figure 1a shows that treatment of cells with singlet oxygen resulted in aggregation of Fas, shown as dense patchy staining in the plasma membrane. As a positive control, aggregated Fas was also seen in Fas ligand-treated cells; however, in untreated cells, only weak diuse staining in the membrane was visualized.
Oligomerization of Fas by Fas ligand activates the apoptotic pathway by recruiting a set of proteins that form DISC (Ashkenazi and Dixit, 1998) . The DISC contains several proteins with distinct functions, with FADD being the ®rst protein that binds to the Fas receptor by interaction with a cytoplasmic region known as the death domain . To con®rm the above results and further investigate whether singlet oxygen-induced Fas aggregation would result in recruitment of FADD, Fas immunoprecitation was followed by immunoblotting for FADD. It has been demonstrated that a limiting amount of the antibody (0.5 ± 1 mg/ml) preferentially immunoprecipitates aggregated Fas receptors (Rehemtulla et al., 1997) . Using this approach we immunoprecipitated more Fas in photosensitized cells than in untreated cells (Figure 1b) , verifying that Fas became aggregated upon generation of singlet oxygen. A linear relationship between the amount of Fas immunoprecipitated and the dose of visible light was not observed, suggesting that the lowest dose of light used in this study is sucient to trigger Fas aggregation. However, when the same immunoprecipitates were analysed by Western blot using anti-FADD antibody, more FADD was detected in cells irradiated with larger doses of light (Figure 1b) , implying that higher amounts of singlet oxygen enhanced binding of FADD to Fas even when the same amount of aggregated Fas is present. In untreated cells, a small amount of Fas was immunoprecipated, but FADD was not detectable (Figure 1b,  lane 1) . Thus, the concentration of anti-Fas antibody used appears to precipitate a small mount of unaggregated Fas or a small amount of aggregated Fas exists in the membrane in the absence of stimulus. Equal amounts of Fas protein were detectable in both control and photosensitized cells by using excess amounts of antibody (5 mg/ml) for immunoprecipitation (data not shown). Thus, we demonstrated for the ®rst time that singlet oxygen, a ROS, induces aggregation of Fas and formation of the DISC.
Fas ligand is not involved in singlet oxygen-induced apoptosis of HL-60 cells Aragane et al. (1998) have demonstrated that UVinduced clustering of Fas is functionally relevant for the induction of apoptosis and Morita et al. (1997) have reported that singlet oxygen mediates UVAinduced Fas ligand expression in T helper cells. To determine whether singlet oxygen-induced apoptosis depends on Fas ligand in our system, cells were incubated with medium containing an anti-Fas neutralizing antibody (1 mg/ml) for 1 h. Following photosensitization, the same medium was immediately added to HL-60 cells which were incubated for 2.5 h before harvesting. Media containing exogenous Fas ligand in the absence and presence of anti-Fas neutralizing antibody was also added to cells as positive controls. As shown in Figure 2 , anti-Fas neutralizing antibody at the concentration used is sucient to block Fas ligand-induced apoptosis as monitored by nuclear morphology. In contrast, the same antibody did not have an inhibitory eect on singlet oxygen-induced apoptosis. Thus, singlet oxygen-induced Fas aggregation and apoptosis in HL-60 cells appear to occur in a ligand-independent manner.
Activation of PKC by TPA protects cells from singlet oxygen-induced apoptosis PKC activation protects cells against apoptosis induced by many stimuli and we have shown that this is also true for singlet oxygen-induced apoptosis in HL-60 cells (Zhuang et al., 1998) . To learn about the mechanisms involved in this protection, we assessed the eect of PKC activation by TPA on inhibition of singlet oxygeninduced apoptosis. As shown in Figure 3a , treatment of cells with TPA dose-dependently inhibited apoptosis After incubation for 30 min, cells were harvested, ®xed and then incubated with antibody against Fas for 1 h followed by incubation with a Texas red-conjugated secondary antibody. The specimen was subjected to confocal laser scanning microscopy. (b) HL-60 cells were irradiated with various doses of visible light as indicated in the presence of 3 mM RB and then incubated for 30 min. Fas was immunoprecipitated as described in the Materials and methods with limiting concentration of Fas antibody (0.5 mg/ml). Western blot analysis was performed using antibodies against Fas or FADD with initial suppression seen in cells treated with 10 ng/ ml of TPA and the maximum eect at 100 ng/ml. In comparison to TPA, 4-a-TPA, which is structurally similar but is unable to activate PKC, did not protect cells against apoptosis at doses up to 100 ng/ml. Consistent with these results, TPA, but not 4-a-TPA, also completely blocked singlet oxygen-induced DNA cleavage, as demonstrated by disappearance of DNA laddering after agarose gel electrophoresis ( Figure 3b ). These data suggest that TPA at 100 ng/ml may cause the maximum activation of PKC in our system.
To demonstrate whether the eect of TPA is still speci®c for PKC at this dose, we treated cells with a selective PKC inhibitor, GF109203X and then exposed them to 100 ng/ml TPA. Cells were photosensitized by RB plus visible light. The data in Figure 3c demonstrate that TPA-conferred inhibition of apoptosis was completely reversed in the presence of 5 mM GF109203 and this inhibitor also enhanced singlet oxygen-induced apoptosis in the absence of TPA treatment. These results suggest that PKC activation is responsible for the inhibitory eect of TPA on the apoptosis of HL-60 cells induced by singlet oxygen treatment and that the basal PKC activity, possibly due to the 10% fetal bovine serum present, also contributes to apoptotic suppression under our culture conditions. Thus, in the following experiments, 100 ng/ ml TPA was used for examining the eect of PKC activation on apoptotic signaling in singlet oxygentreated HL-60 cells.
PKC stimulation does not affect singlet oxygen-induced association of caspase-8 with Fas
The data in Figure 1 suggest that singlet oxygen induces formation of the DISC in the membrane. The TPA at the concentrations as indicated followed by photosensitization, and then incubation for 2.5 h in complete medium in the absence or presence of TPA. Apoptotic cells were assessed as described in Materials and methods. (b) Cells were left alone or treated for 15 min with TPA (100 ng/ml), or 4-a-TPA (100 ng/ ml), and then photosensitized with 3 mM RB and 300 mJ/cm 2 light. After incubation for 2.5 h, cells were harvested and DNA fragmentation was analysed on a 1.5 % agarose gel. (c) After pretreatment with 5 mM GF109203X (GF) for 1 h followed by incubation with 100 ng/ml TPA for 15 min, cells were then left untreated or photosensitized and then incubated for 2.5 h in complete medium in the absence or presence of TPA. Apoptotic cells assessed as described in Materials and methods. Values are mean+s.d. of the data from three independent experiments (a and c). Results are representative of three independent experiments (b). PS, photosensitization association of FADD with Fas is expected to result in recruitment of procaspase-8 to the receptor signaling complex, and as a consequence, to activate caspase-8. In fact, we have previously detected activation/cleavage of caspase-8 in singlet oxygen-induced apoptosis (Zhuang et al., 1999) . In this study, we wished to examine whether PKC stimulation would interfere with singlet oxygen-induced recruitment of caspase-8 to Fas, a key step for initiating activation of the downstream caspase pathway. For this purpose, we ®rst determined the eect of singlet oxygen on the association of caspase-8 to Fas. Cells were treated with visible light plus RB and 30 min later cell lysates were immunoprecipitated with an anti-Fas antibody (0.5 mg/ml). Western blot analysis using antibody against caspase-8 showed that caspase-8 was clearly detectable in this immunoprecipitate ( Figure 4 , lane 2), indicating that caspase-8 is indeed recruited to the Fas signaling complex. As a positive control, cells were also treated with Fas antibody followed by Fas immunoprecipitation. As expected, crosslinking of Fas led to association of caspase-8 with the Fas aggregates ( Figure 4 , lane 6).
Next, we examined the eect of TPA treatment on the recruitment of caspase-8 to Fas aggregates in singlet oxygen-treated cells. As shown in Figure 4 (lane 3), PKC stimulation by TPA did not signi®cantly alter the recruitment of caspase-8 to the DISC in response to singlet oxygen. However, activation of PKC by TPA completely eliminated this process after ligation of Fas since the caspase-8 detected in the immunoprecipitate was reduced to the control level (Figure 4, lane 7) . These data suggest that PKC was able to inhibit formation of the Fas signaling complex induced by Fas ligand, but not when it was induced by singlet oxygen.
PKC activation inhibits singlet oxygen-induced activation of caspase-8
Although PKC did not alter the singlet oxygen-induced recruitment of caspase-8 to Fas in the membrane, it is still possible that PKC acts downstream of the DISC to prevent propagation of the apoptotic signal. Caspase-8 is an initial caspase in death receptormediated apoptosis (Muzio et al., 1996) and caspase-8 activation leads to activation of other caspases (Fernandes-Alnemri et al., 1996) or release of cytochome c from mitochondria (Bossy-Wetzel and Green 1999). Thus, we investigated the eect of PKC stimulation on singlet oxygen-induced caspase-8 activation using IETD-pNA as an indicator substrate. As shown in Figure 5a , in the presence of TPA the rise in caspase-8 activity induced by singlet oxygen was inhibited, whereas treatment of cells with 4-a-TPA had no eect. By Western blot analysis, we further con®rmed this observation by showing that TPA, but not 4-a-TPA, blocked singlet oxygen-induced procaspase-8 cleavage (Figure 5b ).
Effect of PKC activation on events downstream of caspase-8 in singlet oxygen-induced apoptosis
The above data suggest that PKC activation may regulate singlet oxygen-induced apoptosis at the level of caspase-8. If this is true, the events downstream of caspase-8 should be blocked by PKC activators. Previously, we demonstrated that caspase-8 mediates cleavage of caspase-3 and Bid as well as cytochrome c release from mitochondria and decrease in mitochon- Figure 4 Singlet oxygen-induced recuitment of caspase-8 to Fas in HL-60 cells and the eect of TPA. HL-60 cells were treated for 15 min with TPA (100 ng/ml), or left untreated, and then stimulated with 100 ng/ml recombinant Fas ligand (Fas-L) or photosensitized (PS) as described in Figure 3b . After cells were incubated for 30 min in complete medium, Fas was immunoprecipitated as described in the Materials and methods. Western blot analysis was performed using antibody against procaspase-8 Figure 5 PKC activation suppresses singlet oxygen-induced activation of caspase-8. (a) HL-60 cells were treated as described in Figure 3b . IETD-pNA cleavage activity was measured in the lysates as described in Materials and methods. Values are mean+s.d. of the data from three independent experiments. (b) Cell lysates were subjected to SDS ± PAGE analysis and blotted with antibodies to caspase-8. Results are representative of three independent experiments. PS, photosensitization drial membrane potential during singlet oxygeninduced apoptosis (Zhuang et al., 1999 . We investigated here the eects of TPA-mediated PKC activation on those events following singlet oxygen exposure. Figure 6a shows that pretreatment of cells with TPA, but not 4-a-TPA, inhibited the singlet oxygen-induced increase in cleavage of DEVD, a speci®c substrate of caspase-3 like proteases. By Western blot analysis, we also demonstrated that PKC activation inhibited singlet oxygen-induced cleavage of procaspase-3, resulting in a decrease of formation of small active 17 kDa fragments. Similarly, TPA partially attenuated the decline in procaspase-7, a caspase-3-like protease, in singlet oxygen-treated cells although the active fragments of this caspase was not detected using an antibody raised against a domain of procaspase-7. In contrast, singlet oxygen-induced proteolytic processing of procaspases-3 and -7 was not aected by 4-a-TPA (Figure 6b ).
Bid is a direct substrate of caspase-8, and cleavage of Bid by caspase-8 results in the formation of a p15 Bid protein, which directly induces releases of cytochrome c from mitochondria Luo et al., 1998) . To test the eect of PKC activation on Bid cleavage in the singlet oxygen-induced apoptosis, HL-60 cells were also treated with singlet oxygen in the presence of either TPA or 4-a-TPA. As shown in Figure 6c , activation of PKC by TPA completely abrogated the processing of Bid in response to singlet oxygen while Figure 6 PKC activation blocks singlet oxygen-induced activation of caspase-3-like proteases, cleavage of Bid, and release of cytochrome c from mitochondria and loss of mitochondrial membrane potential. HL-60 cells were treated as described in Figure 3b . DEVD-pNA cleavage activity was measured in the lysates as indicated in Materials and methods. Values are mean+s.d. of the data from three independent experiments (a). Cell lysates were subjected to SDS ± PAGE analysis and blotted with antibodies to caspase-3, caspase-7 and actin (b), Bid (c), or cytochome c (cyto-c) and mitochondrial heat shock protein 70 (mtHSP70)(D). After being treated and incubated as described above, cells were then incubated for 10 min in the medium containing 10 mg/ml JC-1, and¯ow cytometry was performed (e). The results are representative of three independent experiments (b, c, d and e). PS, photosensitization this event was not aected by 4-a-TPA (data not shown). Figure 6d shows that although a signi®cant decrease in the level of mitochondrial cytochrome c was observed in the photosensitized cells, TPA treatment was able to return the cytochrome c to the control level. However, 4-a-TPA had no eect on cytochrome c release from mitochondria (data not shown). Reblotting the same membrane with mitochondrial heat shock protein, a housekeeping protein in mitochondria, veri®ed that the same amounts of protein were loaded into individual lanes.
The decrease in mitochondrial membrane potential is a necessary step for induction of cytochrome c release and activation of caspase-3 in the apoptosis induced by many stimuli, including oxidative stress (Cook et al., 1999; Umansky et al., 2000) . Singlet oxygen also induces a loss of mitochondrial membrane potential . Thus, we also examined the eect of PKC activation on mitochondrial membrane potential in singlet oxygen-treated cells by using thē uorescent dye JC-1. Fluorescence of JC-1 was monitored by¯ow cytometry. As shown in Figure 6e , in control HL-60 cells the pattern of the¯uorescence of JC-1 exhibits a large population of cells with higher red uorescence (FL2-channel), which represents cells with intact inner membrane transmembrane potential. Photosensitization of cells with RB plus visible light results in a decrease in this population, which is almost completely reversed by addition of TPA. These results suggest that PKC activation is able to inhibit loss of the inner membrane transmembrane potential induced by singlet oxygen.
Taken together, our results indicate that PKC activation inhibits all the apoptotic signaling events downstream of caspase-8 tested in singlet oxygeninduced apoptosis.
PKC inhibitors block TPA-mediated inhibition of caspase-8 and caspase-3 cleavage and further promote caspase-3 and caspase-8 processing in singlet oxygen-treated cells Since PKC activation by TPA negatively regulates the singlet oxygen-triggered apoptotic pathway, we evaluated the eects of PKC inhibitors, GF109203X and H7, on singlet oxygen-induced cleavage of caspases. The results indicate that GF109203X inhibits TPAmediated suppression of caspases -3 and -8 cleavage at a dose which blocks singlet oxygen-induced apoptosis (Figure 7a) . Similarly, H7 overcomes the inhibitory eect of TPA on cleavage of these caspases. Additionally, these two inhibitors also enhanced singlet oxygeninduced cleavage of caspases -3 and -8 either in the presence or absence of TPA (Figure 7a, b) . Therefore, our present results support the concept that PKC activation inhibits apoptotic signaling.
We noticed in these experiments that caspase-8 processing appeared to be enhanced less than caspase-3 processing when the same concentrations of PKC inhibitors were used. This may be due to the dierent amounts of caspases being processed during singlet oxygen-induced apoptosis of HL-60 cells. It has been demonstrated that in type II cells, only a low initial caspase-8 activation is present even when a large amount of caspase-3 is activated because the direct eect of caspase-8 on caspase-3 is ampli®ed by the mitochondrial apoptotic pathway (Scadi et al., 1998 ). This mechanism is also supported by our previous results showing that a low amount of active caspase-8 is sucient for triggering caspase-3 activation and inducing apoptosis in HL-60 cells (Zhuang et al., 1999) .
The MEK/ERK pathway mediates PKC inhibition of singlet oxygen-activated caspase pathway
We have previously demonstrated that blockade of the MEK/ERK pathway by PD98059, a speci®c inhibitor of this pathway, largely reversed the inhibitory eect of TPA on singlet oxygen-induced apoptosis (Zhuang et al., 1998) . To assess the eect of the MEK/ERK Figure 7 Eect of PKC inhibitors on TPA-mediated inhibition of caspases in singlet oxygen-induced apoptosis. (a) Treatment with 5 mM GF109203X (GF109203) or 10 mM H7 for 1 h followed by incubation with or without 100 ng/ml TPA for 15 min, cells were then left untreated or photosensitized (PS) as described in Figure 3b . (b) Cells were treated with PKC inhibitors as above and then left alone or photosensitized as described in Figure 3b . Cells were incubated in complete medium for 2.5 h before harvesting, cell lysates were subjected to SDS ± PAGE analysis and blotted with antibodies to caspase-8, caspase-3 or actin pathway on activation of caspase-8 induced by singlet oxygen, we pretreated cells with this inhibitor before photosensitization. The immunoblot analysis of total cell lysates showed that singlet oxygen-induced cleavage of caspase-8 was enhanced by PD98059 (Figure 8a) , which is consistent with the eect of PKC inhibitors on caspase-8 cleavage after singlet oxygen exposure.
In order to understand whether MEK/ERK activity is required for suppression of singlet oxygen-induced apoptotic signaling at the initial step, we also examined the eect of PD98059 on the recruitment of caspase-8 to the DISC induced by singlet oxygen. The data in Figure 8b demonstrate that this agent does not alter singlet oxygen-induced association of caspase-8 with Fas. Overall, these results suggest that the MEK/ERK pathway is involved in the regulation of singlet oxygeninduced caspase-8 processing without aecting formation of the DISC.
PKC activation does not affect singlet oxygen-induced p38 activation
Similar to casapse-8, p38 also signals to caspase-3 with Bid as a possible adaptor in singlet oxygen-induced apoptosis . However, p38-mediated Bid processing is not through caspase-8, because the p38 inhibitor SB203580 did not aect caspase-8 activation when it inhibited cleavage of Bid and caspase-3 during singlet oxygen-induced apoptosis . To assess whether p38 mediates the action of PKC on Bid and the downstream events, we examined the eect of TPA on singlet oxygeninduced p38 phosphorylation. Figure 9a shows that stimulation of PKC with TPA did not alter the status of p38 phosphorylation in photosensitized cells.
We also examined whether basal PKC activity is required for singlet oxygen-mediated p38 activation by using two PKC inhibitors, GF109203X and H7. As shown in Figure 9b , neither inhibitor aected singlet oxygen-induced p38 phosphorylation. These results suggest that PKC activation is not associated with activation of p38 in response to singlet oxygen, ruling out the possibility that p38 mediates PKC-inhibition of Bid and other downstream signaling events during singlet oxygen-induced apoptosis.
Discussion
The present study yielded two novel ®ndings, namely, (1) singlet oxygen, a ROS, can stimulate Fas receptor Figure 8 PD98059 enhances cleavage of caspase-8, but does not aect recruitment of caspase-8 to Fas in singlet oxygen-induced apoptosis. HL-60 cells were treated with PD98059 (50 mg/ml) for 1 h and then left alone or photosensitized as described in Figure  3b . After incubation for 2.5 h (a) or 30 min (b) in the complete medium, cells were harvested. Cell lysates were subjected to SDS ± PAGE analysis and blotted with antibodies to caspase-8 (a), or Fas was immunoprecipitated as described in Material and methods with limiting concentration of Fas antibody (0.5 mg/ml). Western blot analysis was performed using antibodies against caspase-8 (b). PS, photosensitization Figure 9 Eect of PKC activation on singlet oxygen-induced phosphorylation of p38. HL-60 cells were treated as described in Figure 3b . Cell lysates were subject to SDS ± PAGE analysis and blotted with antibodies to phosphorylated p38 (p-p38) or p38 (a). Cells were treated and incubated as described in Figure 7 , cells were harvested and cell lysates subjected to SDS ± PAGE analysis and blotted with antibodies to phosphorylated p38 (p-p38) or p38. Results are representative of three independent experiments. PS, photosensitization aggregation and subsequent recruitment of the death adaptor molecule FADD and caspase-8; and (2) activation of PKC by phorbol ester blocks the singlet oxygen-induced apoptosis by inhibiting the caspase-8-activated pathway but without disturbing the DISC. This is the ®rst report of a ROS triggering the Fas apoptotic pathway by inducing Fas aggregation and also provides insight into the mechanisms by which PKC inhibits apoptosis.
The initiation mechanism for singlet oxygen-induced apoptosis found in this study diers from the mechanisms reported for other ROS, although the downstream steps leading to apoptosis are shared by several ROS (Dumont et al., 1999; Matsura et al., 1999; Shen et al., 2001; Ushmorov et al., 1999; Yabuki et al., 2000; Zhuang and Simon, 2000) . Our results indicate that singlet oxygen induces aggregation of Fas (seen by confocal microscopy, Figure 1a) , formation of the DISC (demonstrated by immunoprecipitation, Figure 1b ), activates caspase-8 (Zhuang et al., 1999) and initiates apoptosis in a FasL-independent manner (Figure 2 ) in HL-60 cells. Although Fas/FasL interaction contributes to apoptosis induced by hydrogen peroxide and photosensitization in some cell types, this step is subsequent to induction of FasL expression and can be inhibited by treatment with a blocking anti-Fas antibody (Ahmad et al., 2000; Kwon et al., 2001; Suhara et al., 1998; Vogt et al., 1998) . These responses involve NF-kB and/or tyrosine kinase activation but the primary reaction of the ROS that initiates these signal transduction mechanisms has not been determined. Hydrogen peroxide also induces apoptosis by a Fas-independent mechanism that appears to be initiated by reactions in the mitochondria in a human T cell line (Dumont et al., 1999) .
The subcellular location where the photosensitizer generates singlet oxygen strongly in¯uences the apoptotic mechanism. This is consistent with the very short time a molecule of singlet oxygen exists in cells (calculated to be less than 100 ns) due to its removal by reactions with cell molecules (Baker and Kanofsky, 1992) . Thus, singlet oxygen must initiate apoptosis by reacting with molecules very close to where it is formed in cells. This expectation is supported by reports that photosensitization by dyes localized in lysosomes causes release of proteolytic enzymes, which have been shown to initiate apoptosis by cleaving Bid (Kessel et al., 2000; Stoka et al., 2000) . Similarly, mitochondrially-located photosensitizers initiate apoptosis by mechanisms originating in that organelle that cause rapid cytochrome c release (Varnes et al., 1999) . Singlet oxygen also induces FasL expression when it is generated in cells by UVA radiation in the absence of an added photosensitizer (Morita et al., 1997) . The subcellular location where singlet oxygen is generated by UVA irradiation is not known. Rose bengal is found in the plasma membrane as well as in intracellular membranes and the cytoplasm of HL-60 cells under the conditions of our experiments (data not shown). Our results indicate that the major initiation process leading to aggregation of Fas occurs in the plasma membrane although p38 activation also leads to apoptosis . The molecular mechanisms by which reactions of singlet oxygen with membrane associated molecules lead to Fas aggregation are not clear. Singlet oxygen oxidizes unsaturated lipids and certain amino acids, and causes proteinprotein crosslinks. Identifying the relative contributions of these reactions to singlet oxygen-induced Fas aggregation requires further investigation.
PKC activation can, depending upon the cell type and inducer used, either prevent or induce apoptosis (Clarke et al., 1993; Fujii et al., 2000; Lotem et al., 1991; Meinhardt et al., 2000; Obeid et al., 1993; Solary et al., 1993; Takahashi et al., 1995; Takano et al., 1993) , although the overall mechanisms are still unclear. In Jurkat cells, PKC stimulation inhibits Fas-induced apoptosis at the initial steps as evidenced by the observation that Fas aggregation (Ruiz-Ruiz et al., 1997) and caspase-8 processing (Holmstrom et al., 2000) are blocked by phorbol ester. Consistent with the latter result, PKC stimulation also inhibited caspase-8 binding to FADD after Fas cross-linking in HL-60 cells (Figure 4) . However, TPA treatment did not aect recruitment of caspase-8 to the Fas signaling complex in photosensitized cells (Figure 4) , indicating that singlet oxygen-induced assembly of the DISC is still intact when PKC is activated. The inability of PKC stimulation to aect singlet oxygen-induced formation of the DISC indicates that the inhibitory eect of PKC on the singlet oxygen-mediated apoptotic pathway occurs downstream of the Fas signaling complex.
Our results show that PKC stimulation prevents the proteolytic activation of pro-caspase-8 (Figure 5 ), implying that PKC activation interferes with the activation of initial caspases. We have previously shown that caspase-8 mediates mitochondrial dysfunction and activation of caspase-3 cleavage in singlet oxygen-induced apoptosis (Zhuang et al., 1999 . If this interference by PKC is functionally relevant, the downstream events from caspase-8 should also be inhibited. Indeed, we found that PKC activation by TPA blocked loss of mitochondrial transmembrane potential, cytochrome c release from mitochondria, and caspase-3 activation induced by singlet oxygen ( Figure  6a,b,d and e) . Importantly, TPA treatment also inhibited singlet oxygen-induced Bid cleavage ( Figure  6c ), suggesting that PKC acts upstream of the mitochondria. It has been demonstrated that Bid is a direct target of caspase-8 and processed Bid can translocate to mitochondria where it integrates into the outer membrane and provokes the release of cytochrome c and the depolarization of mitochondrial transmembrane potential Luo et al., 1998) . Thus, we propose that PKC-mediated inhibition of apoptotic signaling pathway occurs at the level of caspase-8 and that inactivation of this caspase turns o the signal propagation from death receptor to eector caspases.
Recently, it has been reported that PKC stimulation induces phosphorylation of anti-apoptotic proteins such as Bcl-2 and this phosphorylation is required for its function (Ito et al., 1997; May et al., 1994) . Bcl-2 has been known to mediate the anti-apoptotic signaling through preventing the release of cytochrome c from mitochondria and stabilizing mitochondrial transmembrane potential in some cell types (Cook et al., 1999; Dispersyn et al., 1999; Kowaltowski et al., 2000) . However, Ruvolo et al. (1998b) have recently shown that treatment of cells with bryostatin-1, a potent activator of c and nPKCs, does not augment Bcl-2 phosphorylation in HL-60 cells although the same agent induces a high level of Bcl-2 phosphorylation in REH cells. Previously, we examined the role of Bcl-2 in TPA-mediated protection against singlet oxygen-induced apoptosis, but failed to detect the phosphorylation of Bcl-2 in TPA-treated HL-60 cells (Zhuang et al., 1998) . Thus, it appears that Bcl-2 is not a major player in regulation of mitochondrial functions in HL-60 cells under our experimental conditions.
The mechanisms regulating the activity of caspase-8 by PKC have not been completely elucidated. There is no evidence that PKC isoforms bind directly to caspase-8. One possibility is that this inhibition occurs by way of regulating inhibitory proteins of caspase-8. In this respect, c-FLIP has been demonstrated to be able to bind to caspase-8 and inhibit caspase-8 activation (Scadi et al., 1999a; Yeh et al., 2000) . Interestingly, c-FLIP expression can be induced by stimulation of the MEK/ERK pathway in T cells activated with Con A (Yeh et al., 1998) . Previously, we demonstrated that the MEK/ERK pathway mediates a protective signal of PKC in the singlet oxygen-induced apoptosis of HL-60 cells (Zhuang et al., 1998) . A similar ®nding was also demonstrated by Pae et al. (2000) in taxol-induced apoptosis. Thus, MEK and/or ERK may play an important role in mediating inactivation of caspase-8 by PKC. In this study, we tested the eect of PD98059, a rather speci®c inhibitor for MEK/ERK pathway, on the initial steps in the singlet oxygen-induced apoptotic pathway. Our results show that PD98059 enhances caspase-8 processing but does not aect recruitment of caspase-8 to the DISC, indicating that the entry point of the MEK/ERK pathway-mediated signal into the singlet oxygeninduced apoptotic signaling pathway is at the level of caspase-8. In support of our results, Holmstrom et al. (2000) have also reported that TPA-mediated ERK activation suppresses cleavage of caspase-8 but does not aect formation of a functional DISC in Fasmediated apoptosis. Since activation of both PKC and MEK pathways are required for regulation of caspase-8 activation (Figures 4 and 8) , and TPA-mediated inhibition of apoptosis can be largely blocked by PD98059 in singlet oxygen-treated cells (Zhuang et al., 1998) , we suggest that MEK/ERK pathway at least partially mediates the anti-apoptotic action of PKC by blocking caspase-8 processing. On the other hand, PKC may also inhibit the function of caspase-8 by direct interaction with other inhibitory proteins of caspase-8, for example, PED/PEA-15 (Condorelli et al., 1999a) . It has recently been reported that PKC can induce phosphorylation of PED/PEA-15 (Araujo et al., 1993) , and this phosphorylation is necessary for inhibition of apoptosis induced by Fas (Condorelli et al., 1999b) .
It appears that p38 kinase is not involved in the PKC-mediated suppression of PKC on apoptotic signaling pathways triggered by singlet oxygen although p38 mediates caspase-3 cleavage and the other events associated with caspase-3 activation . This conclusion is based on our observations that neither activation nor inhibition of PKC aected phosphorylation of p38 during singlet oxygen-induced apoptosis (Figure 9a,b) . Consistent with our results, PKC is also not involved in the NO-induced p38 phosphorylation in HL-60 cells (Jun et al., 1999) . Thus, PKC-mediated inhibition of caspases may not be associated with blockade of p38 in ROS-induced apoptosis at least in this cell type although phorbol ester treatment prevents serum deprivation-induced apoptosis via blockade of p38 kinase in mouse primary cultured neocortical neurons (Behrens et al., 1999) . It was proposed that the induction of a p38 phosphatase such as MKP-1 might be responsible. If this is the case, it does not appear to occur in phorbol ester-treated HL-60 cells.
In summary, our data suggest a model for PKCmediated inhibition of singlet oxygen-induced apoptosis in which PKC activation leads to inhibition of caspase-8 processing, resulting in blockade of mitochondrial dysfunction and inhibition of eector caspase activation and, as a consequence, inhibition of apoptosis. Based on the fact that PKC is necessary for cell survival and inhibits apoptosis induced by many stimuli, it is conceivable that activation of PKC would be not only a mechanism for stimulating tumor growth but also increasing resistance of tumors to apoptosis induced by clinical therapies. Therefore, combining a treatment that inhibits PKC with the modalities such as PDT or other treatments may be a future therapeutic strategy for tumors.
Materials and methods
Materials
Rose bengal (RB) was from Aldrich Chemical Co. Phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA), 4-a-TPA, H7, and diamidino phenyl indole (DAPI) were from Sigma, GF109203X was from Calbiochem-Novabiochem. Antibodies were obtained from Biomol (Clone c 2-10, and poly (ADPribose) polymerase Ab), Upstate Biotechnology (caspase-8 mAb and anti-Fas mAb used for neutralization), Transduction Laboratories (caspases -3 and -7 mAb, FADD mAb and Fas mAb used for Western blot analysis), PharMingen (cytochrome c mAb), Anity Bioreagents Inc (mitochondrial heat shock protein 70 mAb), Santa Cruz (anti-human Fas mAb used for immunoprecipitation), and New England Biolabs (phospho-p38 mAb and anti-p38 mAb). Recombinant Fas ligand used for induction of apoptosis was from Kamiya Biomedical. Anti-human Bid antibody was gift from Dr Junying Juan. The colorimetric synthetic peptide substrates:
acetyl-Asp-Glu-Val-Asp-7-amino-4-p-nitroanilide (Ac-DEVD-pNA), acetyl-Lle-Glu-Thr-Asp-4-p-nitroanilide (Ac-IETD-pNA) and the inhibitors for caspases: Z-Asp(OMe)-Glu(OMe)Val-Asp(OMe)-Fluoromethyl Ketone (Z-DEVD-FMK), and Z-Lle-Glu (OMe)-Thr-Asp(OMe)-Fluoromethyl Ketone (Z-IETD-FMK), were supplied by Enzyme Systems Products. 3,3'-Dithiobis (sulfosuccinimidyl propionate) was purchased from Pierce Chemical Co; 5,5',6,6'-tetrachloro-1,1',3,3 tetraethylbenzimidazolylcarbocyanine iodide (JC-1) was from Molecular Probes. All chemicals and monoclonal anti-actin antibody (clone AC-40) were from Sigma Chemical Co.
Cell culture and genaration of singlet oxygen
Early passage human promyelocytic leukemia HL-60 cells were grown in RPMI 1640 medium supplemented with 10% fetal bovine serum. For generation of singlet oxygen, cell suspensions in RPMI 1640 without phenol red were incubated with rose bengal (3 mM) for 15 min at room temperature and then exposed to 514 nm light from an argon laser (Innova 100, Coherent). After irradiation, cells were incubated in RPMI 1640 medium with 10% FBS at the concentration of 2610 5 cells/ml for the indicated times until harvesting. When required, TPA, 4-a-TPA or various inhibitors were added to cell culture prior to irradiation.
Morphological assessments of apoptosis
Cellular nuclei were stained by DAPI as described previously (Zhuang et al., 1998) and the nuclear morphology was observed by¯uorescence microscopy. Cells with characteristic nuclear fragmentation, condensation and apoptotic bodies were considered to be apoptotic. Five hundred cells were counted for each sample and the number of apoptotic cells was expressed as the percentage of the total cell population.
DNA fragmentation analysis
The pattern of DNA cleavage was analysed by agarose gel electrophoresis. Brie¯y, cell pellets from 2610 6 cells were resuspended in lysis buer (10 mM Tris, pH 8.0; 1 mM EDTA, pH 8.0; 1% SDS) containing Proteinase K (10 mg/ ml) and then incubated at 568C overnight. After incubation for additional 2 h at 378C with Ribonuclease A (10 mg/ml), DNA was precipitated with 2-propanol and subsequently washed with 75% ethanol. DNA samples dissolved in 1X TE buer were separated by horizontal electrophoresis on 1.5% agarose gels, stained with 0.5 mg/ml ethidium bromide, and visualized under UV light.
Western blot analysis
Cells were washed with phosphate buered saline without Ca 2+ and Mg 2+ (PBS) and harvested. Cell pellets were suspended in the lysis buer (0.25 M Tris-HCl, pH 6.8, 4% SDS, 10% glycerol, 1 mg/ml bromophenol blue, and 0.5% 2-mercaptoethanol) and then sonicated for 15 s. Equal amounts of the total cellular protein lysates were separated on 10% polyacrylaminde gels, and electrophophoretically transferred to nitrocellulose membrane. After treatment with 5% skim milk at 48C overnight, the membranes were incubated with various antibodies for 1 h, followed by an appropriate horseradish-peroxidase conjugated secondary antibody (Amersham). Bound antibodies were visualized following chemiluminescence detection on autoradiographic ®lm.
Caspase activity assay
The activities of caspases were measured by colorimetric assay following the manufacturer's instructions. Brie¯y, cells were harvested and lysed in 0.1 M HEPES buer, pH 7.4 containing 2 mM DTT, 0.1% Chaps, 1% sucrose. After brief sonication, cell lysates were incubated with a colorimetric substrates, Ac-DEVD-pNA or Ac-IETD-pNA, for 30 min at 308C. The release of chromophore p-nitroanilide was measured with excitation at 400 nm using a¯uorescence spectrophotometer (Spectra Max 340 PC, Molecular Devices).
Preparation of mitochondrial cytochrome c
Mitochondrial cytochrome c was prepared following the procedures described previously (Zhuang et al., 1999) . Brie¯y, cells (5610 6 ) were harvested and washed once with ice-cold PBS. Cell pellets were resuspended in the buer A (20 mM HEPES-KOH, pH 7.5, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM Na-EDTA, 1 mM Na-EGTA, 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl¯uoride) containing 250 mM sucrose were homogenized 20 strokes using a homogenizer (Kontes Glass Co.). After centrifugation twice at 750 g for 10 min at 48C, the harvested supernatants were centrifuged at 10 000 g for 10 min at 48C. The resulting mitochondial pellets were dissolved in 1X SDS sample buer. Western blots were performed as described above using 12% polyacrylamide gels.
Immunoprecipitation
Cells were harvested and washed with PBS. Cell suspensions in PBS were incubated with cleavable cross-linker 3,3'-dithiobis (sulfosuccinimidyl propionate) for 10 min at 48C. The reaction was quenched with 10 mM ammonium acetate for 10 min, and cells washed with PBS and lysed in 200 ml of ice cold lysis buer containing 50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM PMSF, 10 mM NaF, 10 mg/ml apoptinin and 200 mM Na 3 VO 4 ) for 15 min. After removal of nuclei by centrifugation, supernatants were incubated with an antihuman Fas antibody (0.5 mg/ml) at 48C for 1 h, protein G PLUS-Agarose was added and incubation was continued for an additional 1 h. The protein-antibody-beads complex was washed ®ve times with lysis buer, and then boiled for 5 min in 16SDS buer. Supernatants were resolved on 12% polyacrylaminde gels, and proteins on the membrane were analysed as described above using individual antibodies.
Detection of mitochondrial membrane potential
Mitochondrial inner membrane transmembrane potential was determined by using the cationic lipophilic dye, 5,5',6,6'-tetrachloro-1,1',3,3' tetraethylbenzimidazolylcarbocyanine iodide (JC-1). JC-1 is a mitochondrial dye that is incorporated into mitochondria in a mitochondrial transmembrane potential-dependent manner. The decrease in the red or increase in the green¯uorescence intensity indicates mitochondrial depolarization. The cell staining was performed following the manufacture's instruction. At the end of the incubation time, 1610 6 cells were treated with 10 mg/ml of JC-1 for 10 min at 378C and then washed twice in cold PBS. The change of colors was detected by¯ow cytometry (FACScalibur, Becton Dikinson) with¯uorescence (FL1) 530/30 nm for green emission and (FL2) 585/42 nm for red emission.
Confocal laser scanning microscopy
Cells were treated with 100 ng/ml recombinant Fas, photosensitized with RB plus visible light or left alone, and then incubated for 30 min in the complete medium. After ®xation in 4% paraformaldehyde for 20 min, cell were washed twice in PBS and then treated with 5% calf serum for 30 min. Samples were incubated with an anti-human Fas antibody followed by staining using an anti-mouse antibody conjungated with Texas red. A confocal laser scanning microscope was used to analyse the specimens with a 590 nm emission ®lter for collecting red¯uorescence.
